The capacitively coupled radio frequency (CCRF) plasma has been widely used in various fields. In some cases, it requires us to estimate the range of key plasma parameters simpler and quicker in order to understand the behavior in plasma. In this paper, a glass vacuum chamber and a pair of plate electrodes were designed and fabricated, using 13.56 MHz radio frequency (RF) discharge technology to ionize the working gas of Ar. This discharge was mathematically described with equivalent circuit model. The discharge voltage and current of the plasma were measured at different pressures and different powers. Based on the capacitively coupled homogeneous discharge model, the equivalent circuit and the analytical formula were established. The plasma density and temperature were calculated by using the equivalent impedance principle and energy balance equation. The experimental results show that when RF discharge power is 50-300 W and pressure is 25-250 Pa, the average electron temperature is about 1.7-2.1 eV and the average electron density is about 0. . Agreement was found when the results were compared to those given by optical emission spectroscopy and COMSOL simulation.
Introduction
Capacitively coupled radio frequency (CCRF) plasma has been widely investigated as a low-temperature plasma for various applications [1] [2] [3] . Understanding of the behavior in CCRF plasma, it requires the knowledge of plasma parameters such as the electron density (n e ) and electron temperature (T e ). Several methods of plasma diagnostics have been employed to study the key parameters inside the CCRF plasma [4] [5] [6] [7] , which can be categorized into two means: optical and electronic methods [6] . Optical methods comprise active and passive spectroscopies. Thomson scattering is the best example of active spectroscopy based on the use of an external light source. The reliable and direct values of n e and T e can be obtained, but it has challenging aspects of complex, expensive, and high technical requirements. The passive spectroscopy, which is known as optical emission spectrometry (OES), was usually used to investigate the plasma parameters in thermodynamic equilibrium plasma. While for a non-equilibrium low-temperature plasma, the method of OES needs to be modified, which can be explained by a nonMaxwellian distribution function of electrons. Probe techniques are the typical electronic diagnostic methods, the most challenging problem of which is the disturbance to the plasma environment from the probe introduced into the plasma. As shown in many reports, it is possible to get the averaged parameters over the plasma volume according to the discharge electrical characteristics in various experimental conditions. The equivalent circuit model (ECM) of plasma, as first established by Godyak [8] and Raizer [9] , can be used to estimate the parameters in low-temperature CCRF plasma, which is quicker, economical, without using any additional equipment, and easy to be implemented and handled. Bora et al [10, 11] studied the plasma characterization in CCRF argon plasma for a wide range of operating pressure by using discharge characteristics on the basis of ECM. They investigated the dependence of plasma parameters on the nonlinear plasma series resonance (PSR) effect and the drift velocity of the electron, and the homogeneous discharge model was modified to be applicable in low operating pressure. Henault et al [12] established ECM to determine the volume of averaged electron density and effective coupled power into the plasma. They deduced the plasma parameters from the plasma impedance, and found good agreements when the results were compared to those given by the method of microwave resonant cavity. Cao Minglu et al [13] combined ECM and experiments to revisit the electron heating enhancement in CCRF plasma. The results show that the nonlinear PSR effect has a notable contribution to both ohmic and stochastic heating related to the electron heating efficiencies. Wang Yutian et al [14] studied the plasma discharge state in α-discharge mode and γ-discharge mode with simultaneous energy balance equation based on homogeneous discharge model of CCRF.
In this paper, we used ECM to investigate CCRF plasma discharge at the pressure from 50 Pa to 300 Pa, which is in the range of pressure applied in electromagnetic attenuation [1] [2] [3] . The n e and T e were calculated by using the equivalent impedance principle and energy balance equation. The OES measurement was used to verify the ECM results. And then, the discharge characteristics of plasma were simulated by COMSOL software with the same discharge condition in experiment. By comparing the average electron temperature and electron density obtained in experiment and in simulation, the discharge properties of the CCRF plasma and the error of ECM were discussed. Figure 1 shows the experimental setup of the CCRF system, which consists of three parts: plasma generator system, current and voltage measurement system, and OES measurement system. The plasma generator system is mainly composed of a RF power generator, a pair of parallel plate electrodes, a vacuum chamber and vacuum pumping device. The chamber is made of glass not of metal for the purpose of avoiding its interference to plasma discharge states and characteristics. A RF power generator (RSG-2000) operating at 13.56 MHz is connected to plasma reactor through the automatic matching network which can be adjusted to make the coupled power scarcely less than RF power. A 5°C-15°C water cooling machine is used to cool the power generator and automatic matching network. The RF discharge is sustained between the two copper electrodes (10 cm wide, 10 cm high) which are placed in parallel and separated by 10 cm. The discharge parameters, such as discharge voltage and current, are measured by a high voltage probe and a current loop separately, and then the signals are recorded in an oscilloscope (TBS-1102B) for further analysis. The experimental parameters are varying with the power changing from 50 W to 300 W and the Ar pressure changing from 25 Pa to 250 Pa. In an OES measurement system, to study the optical emission spectroscopy of CCRF plasma, a spectrometer (AvaSpec-UL2048-RM) is used. The spectral signals in central area of plasma were collected through a fibre-optics probe to the spectrometer with the integration time of 200 ms.
Experimental system

Electrical model
While the density profile is a function of position in the chamber, it is observed that relatively homogeneous plasma is filled in between electrodes during the experiment. The variation of density profile becomes flatter with the reduction of Ar pressure, just like the report in [14] and [15] . Therefore, with the aims of estimation, it is acceptable to analyze the plasma properties on the basis of homogeneous discharge model of CCRF as described in figure 2 , where the admittance of the bulk plasma is represented by the series combination of resistor R p and inductor L p , which is also in series connection of two sheath capacitors C s1 and C s2 .
The discharge is modeled by two sheath capacitors near the electrodes and bulk plasma between the two sheaths. The capacitance of the parallel electrodes can be written as C 0 =ε 0 A/d, where the surface area of the electrode A is 0.01 m 2 and the distance between electrodes d is 0.1 m. Considering the electron frequency in plasma,
where e is a unit charge and m is the mass of the electron, the inductance L p and the resistance R p due to the inertia of the bulk plasma electron can be expressed as [10] :
where ν is the collision frequency between electrons and neutral particles and T e is the electron temperature. The Boltzmann constant k is 1.38×10 −23 J K −1 and the electronneutral collision cross section Q is assumed as 2×10
The sheath capacitance C s1 and C s2 can be represented in terms of plasma parameters as [10] :
where I rms is the rms value of current. The applied RF frequency ω is 2π×13.56 MHz. According to the equivalent discharge circuit, the relation between current and voltage can be given in terms of the equivalent impedance principle as
where X L =ωL P and X C =1/ωC s . With equations (1)- (4) can be converted into the following expression: Considering only the ionization, excitation and elastic scattering against neutral atoms, the power density of the plasma also can be expressed as power balance equation [11, 15] 
z z e g i i e g ex a e g el,e a e where P is the power density (W/cm 3 ). K iz is the ionization rate coefficient. K ex is the excitation rate coefficient. K el,e-a is the electron-atom collision rate coefficient. For argon, the compiled experimental data of the ionization and excitation coefficients are well documented in reference [19] and fitted by the Arrhenius form to be shown as follows: The ionization energy of the argon atom ε iz is equal to 15.80 eV and the first excitation energy ε a * is 11.60 eV with respect to the ground state [17] . The gas density n g is given as n g =p/T g in terms of gas pressure p(Pa) and gas temperature T g (eV) according to Dalton's law. The gas mole mass M is 40×10 −3 kg for Ar. The meaning of these terms can be found in [17] . By solving the equations (5)- (9), T e and n e can be determined. 
Results and discussions
With the introduced equivalent circuit model methods, the CCRF discharge is studied regarding the plasma parameter n e and T e . A comparison of OES and COMSOL software results are performed to verified the ECM results.
Characterization by means of equivalent circuit model
Typical current and voltage waveforms are shown in figure 3 . We find that the current in the CCRF discharge is not an ideal cosine signal and ripples appear in the waveforms. It can be explained that in practice the harmonics generated by the nonlinearities of the sheaths would almost inevitably excite some PRS effect [13, 15] . An interesting feature to note is that the phases differences between current and voltage are not significant and the phases of voltage are advanced slightly, which complete agree with the measurement by Bora [11] . It may be due to the matching network and the considerable variation of plasma resistance with the electric field and the existence of PSR effect. The explanation in reference [15] is that at lower density, the discharge impedance is mostly inductive (the electron inertia inductance dominates).
The values of V rms and I rms are calculated from the measured waveforms for different powers and pressures and the results are shown in figure 4 . Corresponding to these values of V rms and I rms , the n e and T e can be obtained based on the combination of equivalent circuit model and the equations (5), (6) . It is observed that the current and voltage both increase with increasing power, and both decrease with growing pressure. For a certain pressure, a higher n e can be obtained at a higher power. It can be explained that the plasma collision probability rises with the power increasing, which leads to an increase in the ionization rate of the plasma. The T e seems to be constant with the power changing. As discussed in [19] , with the increase in power a large number of electron energy is converted into the internal energy of the particles, which leads to the value of T e tends to be smooth. The electrons get energy from the electric field, which can just compensate for the loss of energy caused by electron collision, so that the T e is almost independent of the power change. and n e as a function of pressure. We find that the values of V rms and I rms have a similar variation trend between each other. With the same power, the decrease of voltage weakens the electron drift velocity, which leads to T e decreaseing with the growing pressure. The n e seems to be proportional to the value of I rms . Thus, the dependency factor α (α=n e /I rms ) and the total plasma impedance (X T =V rms /I rms ) with different pressures and powers are studied as presented in figure 6 . Associated the changes in macroscopic physical parameters with the changes in microscopic plasma impedance, the discharge process can be explained qualitatively and helps us to understand the behavior in plasma. The X T and α are influenced by the change of the electric field and PSR [11] . It can be observed that X T decreases with the increase of power. It is because that the increasing drift velocity of the electron, due to the increasing power, leads to an increase in electron mobility. When the power is more than 250 W, the value of X T tends to be smooth and the rate of decrement slows down with further increase in power, owing to the limitation on the increase in drift velocity with electric field at higher power. The dependence factor α presents an opposite trend to X T , which increases with increasing power. It is because that the increase of the plasma collision probability results in an increase in the ionization rate of plasma [15] .
Many works have reported that the physical characteristics can be deduced from the line and continuum radiation emitted from the plasma, such as the wavelength of 811.4 nm only corresponds to gas spectrum distribution of Ar(2p 9 ). The variation of the spectral line intensity of the Ar (at 811.4 nm) reflects the variation of the plasma density [11] . Generally, a similar trend in variation for both n e and spectral light intensity of Ar 811.4 nm can be observed [20, 21] . Thus, the OES is employed to reconfirm the trend of the variation of n e with powers and pressures. From figure 7(a) , it is found that the spectral line intensity of Ar (811.4 nm) increases with increasing power at 200 Pa. From figure 7(b) , it can be observed that the spectral line intensity of Ar(811.4 nm) decreases with growing pressure at 200 W. Similar variation trends between the measured n e and the spectral light intensity can be obtained.
Comparison with simulation results
In view of the above experimental results, the simulation diagnosis is carried out by COMSOL software. A symmetric CCRF discharge in Ar gas is studied using a self-consistent, one-dimensional formulation [22] . We focus on the fluid Figure 6 . Variation of total plasma impedance X T and dependency factor α (α=n e /I rms ) with different pressures and powers. modeling aspects of the electron dynamics in the CCRF plasma discharge. Convection of electrons due to fluid motion is neglected. The n e and mean electron energy are calculated by solving a pair of drift-diffusion equations. The state of plasma discharge is simulated by combining boundary conditions and plasma chemical reactions. The distributions of T e and n e between the two electrodes are shown in figure 8, with the pressure of 100 Pa and power of 200 W. It can be recognized that T e remains relatively uniform in the plasma but there is a sudden increase within the sheath regions. In addition, T e is higher in the powered sheath than that in the grounded one. The value of n e reaches a peak at the discharge center of about 0.05 m from the cathode and reduces with the distance from the center. It can be explained that electrons weigh very little and they can get more energy directly from electric field. In bulk plasma, the energy from the electric field was used to compensate for the energy of the electron collision loss, so the electron temperature in bulk plasma is lower than that near electrodes. The mobile plasma electrons, responding to the instantaneous electric fields produced by the RF driving voltage, oscillate back and forth within the positive space charge cloud of the ions. The massive ions respond only to the time-averaged electric fields. Oscillation of the electron cloud creates sheath regions near each electrode that contain net positive charge when averaged over an oscillation period. The positive charge exceeds the negative charge in the system, with the excess appearing within the sheaths [19] . So the electron density is reduced close to the electrode. The electron temperature and electron density are averaged using 2000 sampling points. It is found that the average electron density is 52.39%-64.00% of the central electron density, which is approach to the theoretical predictions in [15] that the average electron density is quantitatively never greater than 36% less than the electron density at the discharge center for lower-pressure CCRF discharge.
The comparison of T e and n e between experiment and simulation can be recognized in figure 9 . From figure 9(a) , the T e keeps in a certain value both in experiment and in simulation with power increasing as discussed above. The reason for the weak dependence of T e with power is that the electrons in plasma gain the energy from the strong electric field at high power, which is enough to compensate for the energy of electrons collision loss, so that the electron temperature has little change with RF power. But the experimental value 1.8 eV is higher than the simulated value 1.2 eV. It may be due to some neglect of energy dissipation mechanisms in ECM method. The n e seems to increase with the power growing both in experiment and in simulation. The measured value has good agreement with that in simulation, especially at the power from 200 W to 300 W. With the power of 200 W, it can be found that the experimental T e in Ar plasma declines from 2.02 eV to 1.79 eV with the pressure increasing from 50 Pa to 250 Pa, while the simulated T e declines from 1.80 eV to 1.15 eV. It can be explained that the electron mean free path decreases with gas pressure increasing. The collisions between electrons and gases become more frequent, so that the time for electrons to be accelerated by radio frequency field is shorter and less energy to be obtained. . Similar results can be found in [11] . From the comparison of results estimated from equivalent circuit to COMSOL simulation, it was found that the experimental n e is higher than the simulated n e at low pressure conditions =150 Pa, while the experimental n e is smaller than the simulated n e at higher gas pressure ? 150 Pa. It can be explained that, at low gas pressure, the RF discharge is controlled by stochastic heating [23] and the nonlinear plasma series resonance (PSR) effect increases with decreasing pressure. It was reported that due to the PSR effect the measured I rms is higher than the predicted I rms at a lower pressure [24] . Since the n e is positively correlated with I rms , consequently, the measured n e is higher than the predicted n e at reduced pressure. At higher gas pressure, Bulk ohmic heating is dominate [23] and the PSR effect starts diminishing with the growing pressure, so the deviation between the experiment and simulation becomes smaller.
Conclusions
We have investigated the discharge characteristics of Ar plasma by establishing an effective equivalent circuit discharge model. The discharge parameters such as average electron density and average electron temperature were studied. When RF discharge power is 50-300 W and the pressure is 25-250 Pa, the T e between the plates is 1.7-2.1 eV and the n e is 0.5×10 17 -3.6×10 17 m −3 . Agreement was found when the results were compared to those given by optical emission spectroscopy and COMSOL simulation. The plasma equivalent circuit discharge model can be used in estimating the range of key plasma parameters. 
